A symmetry analysis of the 2a phase recently observed in some samples of C 60 is presented. This phase is described by a unit cell with eight molecules in inequivalent orientations. We first show that if this structure is assumed to be exactly cubic, there are only three allowed space groups, none of which corresponds to the Pa3ā rrangement of threefold axes previously established for C 60 by several groups. Our calculated powder diffraction spectra for these space groups are not consistent with existing experimental data. Second, if the symmetry of the Pa3¯structure is lowered by a doubling of the unit cell, we show that the resulting structure is trigonal, space group R3¯. We calculate powder diffraction spectra for this scenario and thereby place upper limits on both the angular distortion and the trigonal lattice distortion. Third, since the microscopic origin of this distortion probably involves defects of some presently unknown type, we consider a phenomenological scenario for the origin of this trigonal distortion. Within this scenario, we study the symmetry of the interactions needed to explain this structure. We start by giving an analysis of the structural distortion within harmonic lattice dynamics. However, to obtain the correct (R3¯) symmetry structure we were forced to study the cubic coupling between zone-corner librons and macroscopic strains. In this way we relate the development of R3¯symmetry from the Pa3¯structure in terms of a phenomenological model of lattice dynamics. Fourth, we extend the above arguments to construct a Landau theory for the hypothesized Pa3¯→R3¯phase transition, which occurs as a function of the concentration of the presumed defects. The resulting free energy has no cubic terms (so the transition can be continuous) but has five fourth-order invariants. A symmetry analysis of the 2a phase recently observed in some samples of C60 is presented. This phase is described by a unit cell with eight molecules in inequivalent orientations. We Grst show that if this structure is assumed to be exactly cubic, there are only three allowed space groups, none of which corresponds to the I a3 arrangement of threefold axes previously established for G60 by several groups. Our calculated powder diffraction spectra for these space groups are not consistent with existing experimental data. Second, if the symmetry of the Pa3 structure is lowered by a doubling of the unit cell, we show that the resulting structure is trigonal, space group R3. We calculate powder diffraction spectra for this scenario and thereby place upper limits on both the angular distortion and the trigonal lattice distortion. Third, since the microscopic origin of this distortion probably involves defects of some presently unknown type, we consider a phenomenological scenario for the origin of this trigonal distortion. Within this scenario, we study the symmetry of the interactions needed to explain this structure. We start by giving an analysis of the structural distortion within harmonic lattice dynamics. However, to obtain the correct (B3) symmetry structure we were forced to study the cubic coupling between zone-corner librons and macroscopic strains. In this way we relate the development of R3 symmetry from the Pa3 structure in terms of a phenomenological model of lattice dynamics. Fourth, we extend the above arguments to construct a Landau theory for the hypothesized Pa3 -+ R3 phase transition, which occurs as a function of the concentration of the presumed defects. The resulting free energy has no cubic terms (so the transition can be continuous) but has five fourth-order invariants.
I. INTRODUCTION
Until recently it was established that crystalline Cso (which is fcc) underwent an orientational ordering transition at about 250 K from a high-temperature orientat, ional disordered phase2 into an orientationally ordered structure which was determined to be that of space group Pa3 in which the unit cell contains four orientationally inequivalent molecules. In both phases, the centers of mass of the molecules are on a fcc lattice. At much lower temperature ( In the first of these, which we favor, the 2a structure forms when the concentration of defects (whatever they may be) is sufficiently large. Therefore, in our interpretation a structural phase transition occurs when the defect concentration passes through a critical value. In the second interpretation,
given by Refs. 10 and 14, the instability can be reached starting &om the Pa3 phase of pure C6O by reducing the temperature through a critical value, which must be above 113 K (and thus not connected with the transition near 90 K, mentioned above) at which temperature some of the observations of van Tendeloo et al. took place. In either case, it is appropriate to describe this structural phase transition in terms of a Landau expansion. The purpose of this paper is to make a symmetry analysis of this hypothesized structural phase transition. By so doing, we will describe the perturbations that give rise to the 2a structure in terms of order parameters. In this way, we will show how the various distortions must be coupled in accordance with their symmetry.
In a Landau expansion the expansion coefficients are usually not actually calculated &om a microscopic model. A more quantitative model of this structural phase transition may be obtained by using mean field theory. However, so far, the materials parameters that control the structural phase transition and/or the occurrence of the so-called 2a structure have yet to be precisely identified.
In these circumstances, no microscopic potential is likely to appear soon to explain this 2a phase. In particular, recently proposed potentials ' do not predict such a distortion for pure Cso. (This can be seen by the fact that the libron spectrum shows no hint of "softness" or instability anywhere throughout the Brillouin zone, zi zz nor do explicit calculations of the lattice energies based on the above potential show the possible stability of a 2a phase.~s~4 ) Accordingly, in this paper we study the existence and evolution (from Pa3) of this phase on the basis of symmetry considerations that do not invoke specific microscopic models.
The first problem we address is the enumeration of all possible cubic space groups for this 2a phase, assuming the Cso molecules to be in fixed orientations and to be centered on a fcc lattice. We find three such space groups, none of which are closely related to the Pa3 structure.
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Positions are for a simple cubic unit cell whose edges are of unit length.
This choice of the two settings for Pa3 is the one used for explicit calculations in this paper.
'This second, but equivalent, setting is not used for calculations in this paper. Here we use the convention in ITC based on a sc conventional unit cell.
In these space groups the arrangement of the local threefold axes along the various (1,1,1) directions is similar to that in space group Pn3, as explained in the text.
'When Q = P this structure belongs to space group Pn3. This structure belongs to space group Ed33c for g = $0 -)I|), where $0 is the angle required to rotate from setting B to setting A: cos(120' -$0) = -', so that Ps 44. 48'.
This structure is de6ned more completely in the text. It could also be described as having angles 4) and Ps -P, both referred to initial setting A. For P = 4)0/2 this structure is actually Pn3. (1, 1, 1), (1, 1, 1), (1, 1, 1), (1, 1, 1), (1, 1, 1),
(1, 1, 1) (1, 1, 1), (1, 1, 1) . (16) ( -,-, 0) Fig. 2 , it may still seem paradoxical that this structure is noncubic. From this 6gure it is hardly apparent which one of the (1,1,1) directions remains an axis of threefold symmetry. To discuss this question, it is convenient to introduce some terminology. We will use the phrase "local rotation axis" to denote the direction of the axis about which each molecule is rotated (starting from one of the standard orientations). Before the unit cell size is doubled, the local rotation axis is the local axis of threefold symmetry. When the unit cell is doubled, as shown in Fig. 2 Table III . Now, for a site in the structure shown in Fig. 2 to really have a threefold axis of symmetry, it is required that its local rotation axis and its doubling axis be collinear.
For which sites in Fig. 2 are these two axes collinear?
One cannot say until the local rotation axes are specified.
Indeed, in that sense Fig. 2 We now present results of our calculations of the powder x-ray diffraction spectra. To start, we show a part of the powder diffraction spectrum as a function of the scattering angle which, in accordance with custom, is denoted 20. In Fig. 3 In Fig. 4 we show a comparison between the various cubic structures discussed in the preceding section (See A has (H; K, L) = (12, 8, 0) and is thus split into two equal intensity components.
B has (H, K, I) = (12, 4, 4) and is thus split into three components with intensities in the ratio 1:1:2. C has (H, K, L) = (8, 8, 8) (unknown) defects, it is clear that k~y is positive for pure C60. Thus as x is increased this force constant will pass through zero when the 2a-R3 phase becomes stable. We now give a phenomenological theory to describe this phase transition. As we shall see in Sec. V, this theory allows a continuous transition for the occurrence of nonzero b, P. So there is a regime where AP is arbitrarily small, in which the perturbative analysis is rigorous (assuming the validity of mean field theory). We use this theory to analyze the lower symmetry structure, which, as discussed in Sec. IID, is not cubic, but is described by space group R3. We discuss the nature of the distortions both in the center-of-mass positions and also in the orientations of the molecules.
It is obvious that a complete microscopic theory of these distortions requires a reliable orientational potential due to whatever defects are responsible for the 2a-R3 structure. However, since the microscopic origin of these distortions is presently unknown, there is little hope of soon obtaining such a potential. Accordingly, we assume that the major feature of a successful microscopic orientational potential will be that it gives rise to torques on the molecules in the unit cell to produce the distorted structure, but otherwise the orientational potential is essentially the same as that of pure 060. Therefore, we introduce torques on each molecule which tend to rotate about the local threefold axis. In our development, these torques are introduced phenomenologically.
But a true microscopic theory would derive these torques as appropriate derivatives of the intermolecular orientational potential. However, once the appropriate torques are introduced, the remainder of the response may be assumed to be qualitatively that of pure C60. This theory involves a rather complicated analysis of the effects of coupling to various symmetry normal modes. Accordingly, the de- tails of this analysis are given in Appendix B. However, since the physical consequences of these couplings are of some interest, we will summarize them here.
In this theory we consider perturbations of the simple cubic Pa3 structure using results of the lattice dynamical study of Ref. 21 . To obtain the 2a-R3 structure, we introduce generalized forces (torques) at the wave vector of the R point: Qo --vr(1, 1, 1)/a. In particular, f is a torque (at wave vector Qo) which is confined to molecules on sublattice n The torq. ue vector f is parallel to the local threefold axis, as defined in Table III We can use the results of Sec. IV to give the corresponding temperature dependence of the various deformations.
Since the trigonal strain e is proportional to to (6P), we have &=A(T, -T), T(T, T)Tc. =0, (46) (This xneans that de/dT is discontinuous as T = T"so that dk/dT~& & -de/dT~& -&+ = A. ) Similar statements can be made about the orientational distortion within the unit cell due to g = 0 librons. There, coupling to the A~m odes also has observable consequences, at least in principle. For instance, the coupling to the As strain mode will cause the lattice constant (or better, the density) to have a discontinuity in its derivative with respect to temperature. Likewise, the average setting angle, P, will be continuous at the Pa3 + R3 transition, but its temperature derivative will be discontinuous. For all these predictions, one must keep in mind that the critical exponents are expected to be modified &om the mean-field values by fluctuations.
VI. DISCUSSION AND CONCLUSIONS
We may summarize our principal results as follows.
(1) We identified the possible cubic space groups for C6p molecules whose centers form a fcc lattice such that there are eight molecules in the unit cell of dimensions double that of the unit cell for disordered molecules. structure only one of the four (1,1,1) directions remains a threefold axis of symmetry, as we show by both simple algebraic and geometrical arguments. This structure is trigonal belonging to space group B3.
(5) We studied the model in which Pi --P+ bP and = P -b, P with the idea that small AP might be induced by defects that can occuris in less than perfect samples of C60. Since no microscopic models of the intermolecular potential exist that could explain such a structure, we gave a symmetry analysis of the possible distortions away &om Pa3 structure. This analysis indicates that the doubling of the unit cell that occurs for nonzero AP is accompanied by a response at zero wave vector that includes a shear strain corresponding to elongation (or compression, depending on the sign of the coupling constant) along the trigonal axis. The magnitude of this trigonal distortion is of order (b,g)2. Linear coupling to zone-boundary librons is also allowed.
(6) We studied the experimental consequences of a small angular distortion. We calculated powder diffraction spectra as a function of b, P (see Fig. 7 ). Optimization of the calculated powder diffraction spectrum (versus experiment) with respect to 6P yields b, P = 0, i.e. , the Pa3 structure. As 
